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Abstract 
Background: The mitochondrial genomes of mushroom corals (Corallimorpharia) are remarkable for harboring two 
complex group I introns; ND5-717 and COI-884. How these autocatalytic RNA elements interfere with mitochondrial 
RNA processing is currently not known. Here, we report experimental support for unconventional processing events 
of ND5-717 containing RNA.
Results: We obtained the complete mitochondrial genome sequences and corresponding mitochondrial transcrip-
tomes of the two distantly related corallimorpharian species Ricordea yuma and Amplexidiscus fenestrafer. All mito-
chondrial genes were found to be expressed at the RNA-level. Both introns were perfectly removed by autocatalytic 
splicing, but COI-884 excision appeared more efficient than ND5-717. ND5-717 was organized into giant group I 
intron elements of 18.1 kb and 19.3 kb in A. fenestrafer and R. yuma, respectively. The intron harbored almost the entire 
mitochondrial genome embedded within the P8 peripheral segment.
Conclusion: ND5-717 was removed by group I intron splicing from a small primary transcript that contained a 
permutated intron–exon arrangement. The splicing pathway involved a circular exon-containing RNA intermediate, 
which is a hallmark of RNA back-splicing. ND5-717 represents the first reported natural group I intron that becomes 
excised by back-splicing from a permuted precursor RNA. Back-splicing may explain why Corallimorpharia mitochon-
drial genomes tolerate giant group I introns.
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Background
Hexacorallia represents an important subclass of marine 
cnidarians that hosts several well-known orders like 
Scleractinia (stony corals), Actiniaria (sea anemones), 
Zoantharia (colonial anemones), and Corallimorpharia 
(mushroom corals). Corallimorpharia appears closely 
related to Scleractinia, but if they represent true naked 
corals is currently under debate [1, 2]. The order Coral-
limorpharia consists of about 50 valid species organ-
ized into seven families [3]. They are solitary polyps that 
usually occur in larger groups in tropical habitats, and 
morphologically they have short tentacles and no stony 
skeletons [3].
The mitochondrial genomes (mtDNAs) of species rep-
resenting most hexacorallian orders have been sequence 
characterized, and subsequently applied in phylogenetic 
analyses and molecular studies [4–7]. The mtDNAs are 
vertebrate-like, which include a small-sized (17–22  kb) 
circular organization with a high gene density [8]. They 
harbor the same set of ribosomal RNA (rRNA) genes and 
the 13 protein-coding genes of the oxidative phosphoryl-
ation (OxPhos) system as most metazoan mitochondrial 
genomes, but optional genes may occur in some species 
[7–11]. Hexacoral mtDNA contains a highly reduced 
tRNA gene repertoire, and all the conventional mito-
chondrial genes are encoded by the same DNA strand [8, 
12]. The most remarkable feature, however, is the pres-
ence of autocatalytic group I introns [4, 13].
Group I introns are intervening sequences that encode 
self-splicing ribozymes responsible for the RNA process-
ing reactions [14]. Intron sequences are removed from 
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the precursor RNA in a two-step transesterification 
pathway that involves RNA cleavage and ligation activi-
ties [15]. Splicing is initiated by a nucleophilic attach at 
the 5′ splice site (SS) by a noncoded guanosine cofac-
tor (exo-G). This reaction leads to covalent attachment 
of exo-G to the released intron’s 5′ end. In a subsequent 
reaction, the free 3′ end of the upstream exon attacks the 
3′ SS, resulting in exon ligation and release of the linear 
intron RNA. The catalytic property of group I intron 
RNA is funded on a highly organized and complex three-
dimensional ribozyme structure that consists of a cata-
lytic domain, a folding domain, and a substrate domain 
[16, 17]. Each domain contains a conserved subset of 
secondary structure paired elements (P1 to P9), where 
P7 harbors the catalytic core structure designed to bind 
different guanosine factors in Step 1 (exo-G) and Step 2 
(ɷG) of the splicing reaction [14].
All hexacoral species and isolates investigated to date 
harbor a group I intron in the mitochondrial NADH 
dehydrogenase 5 (ND5) gene at position 717 [4]. This 
obligatory intron (ND5-717) is strictly vertically inher-
ited, and appears to have a fungal origin [4]. One unu-
sual feature of hexacoral ND5-717 is the large insertion 
in one of its ribozyme paired segments (P8) that includes 
several cognate mitochondrial gene sequences, from two 
genes in Actiniaria and Zoantharia [7, 10] to 16 genes in 
Corallimorpharia [1, 5]. The mitochondrial cytochrome 
oxidase I (COI) gene contains different, but optional, 
group I introns at positions 720, 867, and 884 [10, 18, 19]. 
Whereas COI-720 and COI-867 appeared confined to 
the Indo-Pacific scleractinians [20] and to zoantharians 
[10], respectively, COI-884 is more widely distributed 
in species belonging to several hexacorallian orders. All 
COI introns contain homing endonuclease gene (HEG) 
sequences, encoding a LAG-type (LAGLIDADG) hom-
ing endonuclease [18, 21].
Corallimorpharian mitochondrial genomes are slightly 
larger in size (20 to 22  kb) compared to other hexacor-
allian orders and contain two group I introns, ND5-717 
and COI-884 [1, 5]. We have previously noted a highly 
complex organization of ND5-717 in Corallimorpha-
ria that involves 16 genes embedded in P8, including 
the COI-884 group I intron containing COI gene [17]. 
Recently, we reported RNAseq-based mitochondrial 
transcriptome (mito-transcriptome) profiling in several 
actiniarian and zoantharian species [7, 10, 11]. Differ-
ent from the Corallimorpharia, these anemones harbor 
only two mitochondrial genes (ND1 and ND3) embed-
ded within P8 of their respective ND5-717 introns. We 
found all mitochondrial protein genes to be expressed 
at the RNA level, and gained supporting evidence that 
ND5-717, COI-867, and COI-884 introns were perfectly 
spliced out from their RNA precursors [7, 10, 11].
Here, we have characterized the mito-transcriptomes 
of the two distantly related corallimorpharian species 
Ricordea yuma and Amplexidiscus fenestrafer. All mito-
chondrial genes were found expressed, and their introns 
(ND5-717 and COI-884) were perfectly removed by RNA 
splicing. We further investigated the ND5 mRNA precur-
sor and the ND5-717 intron RNA splicing intermediate, 
and concluded that the intron was excised by back-splic-
ing. Back-splicing is relatively common in vertebrate 
spliceosomal introns, resulting in exon permutation and 
covalently closed circular RNAs [22–24]. However, the 
ND5-717 introns in R. yuma and A. fenestrafer are the 
first reported examples of group I intron back-splicing.
Results
Mitochondrial genome sequences of R. yuma and A. 
fenestrafer
The circular mitochondrial genomes of R. yuma 
(21,430 bp) and A. fenestrafer (20,054) were determined 
on both strands using a combined strategy of Ion Torrent 
PGM (average coverage of 126× and 70×, respectively) 
and Sanger sequencing. All canonical mitochondrial 
genes were coded on the same strand and in a simi-
lar order compared to those of most corallimorphar-
ian mtDNAs investigated (Fig.  1a) [1, 5]. In addition to 
the conserved set of 13 OxPhos protein coding genes, R. 
yuma and A. fenestrafer encoded a homing endonuclease 
and an antisense open reading frame (aORF) transcript. 
Several notable sequence features related to the protein-
coded genes were observed. Firstly, a significant frac-
tion (approximately 40%) of the reading frames contain 
a GTG initiation codon (Additional file 1: Table S1), sug-
gesting that tRNA-fMet recognizes both ATG and GTG 
at this position. This feature was conserved among all 
corallimorpharian mtDNAs [5]. Secondly, group I introns 
were present at conserved positions (884 and 717) within 
the COI and ND5 genes, respectively. Thirdly, the ND5-
717 was noted as a giant intron in R. yuma (19.3  kb) 
and A. fenestrafer (18.9  kb), harboring almost the com-
plete mtDNA sequence between its 5′ and 3′ splice sites 
(Fig. 1a). Finally, COI-884 was identified as a 1.2 kb group 
I intron containing a LAG-type HEG.
We recognized 18 intergenic regions (IGRs) in the 
R. yuma and A. fenestrafer mtDNAs (Additional file  1: 
Table  S1). Most IGRs were found to be identical, or 
almost identical, in size among the corallimorphar-
ian mtDNAs available in the NCBI database. We found 
the R. yuma mtDNA to be 1376  bp larger than that of 
A. fenestrafer, and this size difference was mainly due 
to IGR-5, IGR-7, IGR-11 and IGR-13. No recognizable 
molecular features or signatures could be assigned to 
size heterogeneities in IGR-5 and IGR-7. The most dra-
matic variation was present within IGR-13. While R. 
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yuma contained a 1132  bp IGR-13, A. fenestrafer had 
a sequence corresponding to only 431  bp. The extra 
sequences were mainly due to two direct repeat motifs 
(123  bp and 87  bp), both represented by two imperfect 
copies.
ORF transcript at the opposite strand
IGR-11 was found in two size variants, represented by 
928  bp in R. yuma and 541  bp in A. fenestrafer (Addi-
tional file  1: Table  S1). We noted that the 5′ region of 
ND2 gene was extended corresponding to a putative 
N-terminal domain highly conserved among corallimor-
pharians. Similar extensions were recently reported in 
several zoantharian mitochondrial genes [10], suggest-
ing that the current mitochondrial gene annotation in 
hexacorals needs revision. The main feature, however, of 
IGR-11 was an ORF present on the opposite strand in R. 
yuma and A. fenestrafer (Fig. 1a). Homologous antisense 
ORF (aORF) sequences were present in all corallimor-
pharian mtDNAs investigated, but at different size vari-
ants (Additional file  2: Figure S1). Interestingly, a large 
part of the aORF was antisense to the ND2 gene, and this 
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Fig. 1 Mitochondrial genome and transcripts in Ricordea yuma and Amplexidiscus fenestrafer. a Schematic view of mitochondrial genome content 
and organization of circular mtDNA (presented as a linear map). Obligatory ND5-717 and mobile-like COI-884 introns are indicated. ND5 exons and 
COI exons are shown in orange and green colors, respectively. Abbreviations: SSU and LSU, mitochondrial small- and large-subunit ribosomal RNA 
genes. ND1-6, NADH dehydrogenase subunit 1 to 6 genes. COI-III, cytochrome c oxidase subunit I to III genes. A6 and A8, ATPase subunit 6 and 8 
genes. CytB, cytochrome B gene; HEG, homing endonuclease gene; aORF, antisense open reading frame. W and M; tRNA genes for Trp and Met, 
respectively, indicated by the standard one-letter symbols for amino acids. b Mapped transcript reads generated by Ion Torrent PGM from protein 
coding and rRNA coding regions. Presented below is read coverage per gene region (R. yuma/A. fenestrafer). c Histograms representing estimated 
normalized read numbers for R. yuma (R; black) and A. fenestrafer (A; grey). Three separate PGM runs were performed for each species. The PGM 
transcript number of each RNA was normalized to the size of gene coding regions (PGM reads/kb). The estimated normalized read numbers vary 
between approximately 7 reads/kb and 6965 reads/kb
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antisense region was significantly longer in A. fenestrafer 
than R. yuma. While the R. yuma aORF corresponded 
to a protein of 125 amino acids, the aORF protein in A. 
fenestrafer was significantly larger (306 amino acids). 
BLAST analysis did not reveal any significant similarity 
to known proteins in databases. The A. fenestrafer and R. 
yuma aORF regions were found to be transcribed, but at 
different levels (see below).
Mitochondrial transcriptome analysis
RNAseq mapping analysis of Ion Torrent PGM 
sequenced reads was used to assess the mitochondrial 
transcripts. About 7.6 million and 4.7 million quality-
filtered reads of total poly(A) RNA in R. yuma and A. 
fenestrafer, respectively, were generated. We unambigu-
ously identified 23,394 reads (0.31%) and 16,690 reads 
(0.35%) as mitochondrial transcripts in R. yuma and A. 
fenestrafer (Fig.  1b). When normalizing the reads num-
bers against gene sizes (Fig.  1c), several interesting and 
relevant observations were noted. (1) rRNA transcripts 
were about 5 to 20 times more abundant compared to 
most of the mRNA transcripts. (2) All protein coding 
mRNAs in both species were represented by multiple 
reads. A general trend was that Complex IV transcripts 
were more abundant than transcripts of Complex I and 
Complex V, which corroborates mito-transcriptome 
analyses in actiniarians and zoantharians [7, 10, 11]. (3) 
COI-884 encoded homing endonuclease transcripts 
were found despite the fact that no recognizable initia-
tion codons could be recognized, and that no in-frame 
fusions with the upstream COI-exon could be detected. 
(4) The proposed 5′ extension of ND2 gene was tran-
scribed at same level as the main part of the gene. This 
indicated that ND2 gene is significantly longer than 
previously annotated [1, 5] corroborating recent obser-
vations in zoantharians [10]. (5) The longest version of 
aORF present in A. fenestrafer, but not that in R. yuma, 
was expressed at the same RNA level as Complex IV 
transcripts. This may indicate a biological role in the 
mitochondria. (6) Transcripts corresponding to perfectly 
ligated exons of ND5 and COI mRNAs were identified, 
and supported group I intron splicing activities of ND5-
717 and COI-884.
RNA splicing and processing of ND5‑717 and COI‑884 
group I introns
RNA secondary structure diagrams were made accord-
ing to the general model of the group I intron RNA core 
[16, 25] as well as available comparative data on hexac-
oral mitochondrial group I introns [4, 7]. Diagrams of 
the ND5-717 and COI-884 group I intron ribozymes 
revealed similar catalytic cores and peripheral regions 
(Figs.  2a, 3a) compared to that of other hexacorallian 
orders [4, 7, 10, 11]. All intron RNAs contained large 
insertions in P8, and in COI-884 this insertion consisted 
of a HEG. This homing endonuclease ORF was extended 
beyond P8 and into the ribozyme core, both at the 5′ and 
3′ ends, and thus organized similarly as those in actiniar-
ians [7, 11]. The P8 insertion in ND5-717 was extensive 
and contained two ribosomal rRNA genes, one tRNA 
gene, 12 OxPhos genes, the COI-884 and its HEG, and 
the transcribed antisense ORF (Fig. 1a). The P8 insertion 
is the main reason for the giant size of ND5-717.
We found ND5-717 and COI-884 to generate perfectly 
ligated RNA exons in vivo (Figs. 2b, 3b), despite the fact 
that ND5-717 lacked the universal conserved termi-
nal G-residue (ɷG) essential for second step in splic-
ing (Fig. 3a). Relative splicing efficiency of COI-884 and 
ND5-717 was estimated from transcriptome data by 
assessing the observed fractions of un-spliced and spliced 
exon sequences. We found a similar tendency in R. yuma 
(Additional file  3: Figure S2A–D) and A. fenestrafer 
(Additional file  4: Figure S3A–D). Ligated exons 
appeared > 10 times more abundant for COI mRNA than 
ND5 mRNA. While the majority (> 70%) of ND5 pre-
cursor mRNAs were non-spliced and linked to flanking 
intron sequences, nearly 100% of the COI mRNA exons 
were perfectly ligated (Additional file  5: Table  S2). The 
observation was supported by RT-qPCR (Additional 
file  5: Table  S2). We conclude that splicing of COI-884 
appeared more efficient compared to ND5-717.
Next, we investigated the ability of the introns to gen-
erate RNA circles in  vivo. We used an RT-PCR/Sanger 
sequencing approach with inverted intron-specific prim-
ers designed to generate amplicons from circular intron 
RNA [26–28]. Circularization of ND5-717 was predicted 
to generate giant RNA circles corresponding to 19.3  kb 
and 18.0  kb in R. yuma and A. fenestrafer, respectively. 
However, no circular intron junctions were detected for 
ND5-717 (Additional file 3: Figure S2F, Additional file 4: 
Figure S3F); a result not surprising due to the large cir-
cular RNA sizes and the fact that ND5-717 lacked the 
essential ɷG for the circularization mechanism [29]. 
Interestingly, intron RNA circles were detected in COI-
884 (Additional file 3: Figure S2E, Additional file 4: Fig-
ure S3E). All circles appeared to involve the 3′ intron 
sequence (including ɷG), but Sanger sequencing indi-
cated more than one donor site at the intron 5′ end in 
addition to full-length intron circles both in R. yuma 
(Additional file  3: Figure S2G) and A. fenestrafer (Addi-
tional file 4: Figure S3G).
ND5‑717 intron RNA is removed by back‑splicing
Group I introns are usually removed from precursor 
RNAs by conventional cis-splicing. However, conven-
tional splicing of ND5-717 is extremely challenging due 
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Fig. 2 COI gene features in Ricordea yuma and Amplexidiscus fenestrafer. a Secondary structure diagrams of corallimorpharian COI-884 group I 
introns (R. yuma, left; A. fenestrafer, right). The ten conserved paired segments of the catalytic core (P1 to P10) are shown, and flanking COI exons 
sequences are in red letters. The P8 extension containing the HEG is indicated and in small red circles are nucleotides substitutions in A. fenestrafer 
compared to R. yuma. The blue circles show the catalytic core sequences at the G-binding site. b Representation of COI mRNA sequences consisting 
of ligated exons. The ligation junctions are indicated, and below are the sequencing chromatograms
(See figure on next page.)
Fig. 3 Mitochondrial ND5 gene organization and ND5-717 intron secondary structure in Ricordea yuma and Amplexidiscus fenestrafer. a Secondary 
structure diagrams of ND5-717 group I introns in R. yuma (left) and A. fenestrafer (right). The ten conserved paired segments of the catalytic core (P1 
to P10) are shown and flanking ND5 exons sequences are in red letters. The P8 extensions containing mitochondrial genes are indicated. The blue 
circles indicate catalytic core sequences at the G-binding site and in small red circles are nucleotides substitutions in A. fenestrafer compared to R. 
yuma. b Organization map of mitochondrial ND5 gene in Corallimorpharian. A schematic view of the ND5-717 ribozyme is presented above the 
map. The splice sites are distant apart, but brought in proximity in a permuted intron–exon order due to the circular organization of the mtDNAs. 
Thus, ND5 exon 2 is presented upstream of ND5 exon 1. ND5 mRNA consisting of the ligated exons with the splicing junction indicated is shown 
below. Chromatograms of the exon ligation sequences are shown for R. yuma (left) and A. fenestrafer (right)
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to the extensive P8 insertion, and the requirement of 
a single unprocessed precursor RNA of approximately 
20 kb. Based on the assumption that individual RNA pro-
cessing of all the 16 embedded mitochondrial genes have 
to be totally repressed prior to ND5-717 splicing, and the 
fact that COI-884 intron splicing was found significantly 
more efficient than ND5-717, we reasoned that conven-
tional splicing was highly unlikely. RNAseq mapping of 
the complete mito-transcriptome in both R. yuma and A. 
fenestrafer indicated distinct transcription units, which 
further supports this notion (data not shown).
Consequently, two alternative splicing modes were 
considered to explain ND5-717 splicing; trans-splic-
ing and back-splicing. Whereas trans-splicing depends 
on two separate primary transcripts, a single primary 
transcript with permuted intron–exon arrangement is 
involved in back-splicing. It is important to note that, due 
to the circular organization of the mitochondrial genome, 
ND5 exon 2 is located upstream and adjacent to exon 1 
(Fig. 3b). RNAseq mapping supported the existence of a 
continuous permuted exon transcript in R. yuma (Fig. 4a) 
and A. fenestrafer (Additional file 6: Figure S4). Further-
more, trans-splicing and back-splicing can be unambigu-
ously distinguished through a circular RNA intermediate 
(2.1  kb), which is only generated through back-splicing 
(Fig. 4b).
To search for a back-splicing circular hallmark, we used 
the inverted exon primer approach, followed by RT-PCR, 
plasmid cloning, and Sanger sequencing. In this approach 
primers were designed to specifically bind to ND5 exon 
2 sequences (primer set F2/R2), but in opposite orienta-
tions compared to regular PCR amplification (Fig. 4b, left 
panel). Amplicons were only generated if this exon (exon 
2) was ligated to exon 1, and located on a circular RNA 
species. Indeed, amplicons of expected sizes (1.5 kb) were 
generated in R. yuma and A. fenestrafer (Fig.  4b, lanes 
2 and 3 in right panel). Sequencing of plasmid-cloned 
amplicons unambiguously showed that the ND5 exon 
2 stop codon (UAA), the ND5 exon 1 initiation codon 
(GUG), and the ND5 exon ligation site (AGGGU/CCA 
ACU ) were all present in the same continuous sequence 
(Fig. 4c). These results strongly supported a circular RNA 
splicing intermediate, a finding consistent with ND5-717 
back-splicing.
Discussion
We have provided experimental support for unconven-
tional RNA back-splicing of a group I intron in mtDNAs 
of two distantly related corallimorpharian species. Fur-
thermore, the mtDNAs contain a previously undetected 
ORF located at the opposite strand compared to all other 
mitochondrial genes. This aORF contains highly con-
served amino acid sequences among corallimorpharian 
species, and is expressed at the RNA level. If the aORF 
RNA becomes translated in the mitochondria, or exerts 
its function at the RNA level (long non-coding RNA/
antisense RNA) is currently not known.
Intron back‑splicing in mitochondrial gene expression
The obligatory ND5-717 in hexacoral mtDNA is unique. 
It carries multiple mitochondrial genes inserted into P8, 
has a highly compact conserved catalytic core second-
ary structure, and terminates with ɷA instead of the 
universally conserved ɷG as in most group I introns [4]. 
These unusual characteristics of ND5-717 justify a more 
detailed investigation related to mode of splicing, splicing 
efficiency, and influence on mitochondrial transcription 
and RNA processing.
ND5-717 has a highly compact and conserved catalytic 
core secondary structure with similarities to most model 
group I ribozymes [4, 17]. This suggests that the intron 
folds into catalytically competent conformation for active 
site formation. RNAseq mapping data supports biologi-
cal activity of ND5-717, and the RT-PCR/sequencing 
approach generates ligated ND5 exons showing that the 
intron was correctly spliced. However, due to the large 
size of ND5-717 that includes almost the entire mito-
chondrial genome in corallimorpharians, we questioned 
its mode of splicing. For this intron to perform conven-
tional cis-splicing, processing of all the gene sequences 
within P8 have to be completely repressed until the 
intron is removed. This possibility was considered highly 
unlikely since the mito-transcriptome expressed a dis-
continuous transcript map indicating strong and efficient 
processing sites, or distinct transcription units. Conse-
quently, we evaluated trans-splicing or back-splicing as 
more plausible alternatives to explain the ligated exon 
fragments.
Only a few mitochondrial group I intron have been 
reported to trans-splice in bacteria, protozoans, fungi or 
plants [30–33], including designed constructs for thera-
peutic applications [34, 35]. Natural occurring group 
I intron back-splicing has not been reported, but the 
mitochondrial ND5-717 intron in the deep-water sea 
anemone Protanthea simplex is suggested to be removed 
by back-splicing [36]. However, artificial back-splicing 
of engineered group I introns are known from the well-
studied Anabaena pre-tRNA and Tetrahymena introns. 
These examples were based on permuted intron–exon 
self-splicing approach that produced circular RNAs 
[37–39]. For spliceosomal introns, however, back-splic-
ing appears to be common, at least in vertebrates, giving 
rise to new classes of large non-coding RNAs [22–24]. A 
hallmark of back-splicing is the presence of an essential 
circular RNA intermediate. We detected a correspond-
ing circular intermediate (MTcircRNA-ND5) in R. yuma 
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and A. fenestrafer. We provide support that the giant 
ND5-717 intron in corallimorpharians splices via back-
splicing, but from a much shorter permuted precursor 
RNA. Nonetheless, trans-splicing was not excluded as a 
co-mechanism for the removal of ND5-717.
Is intron retention a regulatory feature of ND5‑717 
splicing?
That exon and intron sequences at splice sites can influ-
ence self-splicing activity is well established for group I 
intron [14, 29, 30]. Moreover, a single nucleotide dif-
ference at conserved sites may result in intron repres-
sion, and subsequently suppress exon splicing [40, 41]. 
We reported the splicing efficiency of ND5-717 to be 
reduced compared to that of COI-884 in the same mito-
chondrial genome. This observation suggested ND5-717 
retention. In mammals, the ND5 gene appears as the only 
mitochondrial OxPhos gene that is tightly regulated at 
the RNA level and probably influences respiration [42, 
43]. Among other potential functions, exonic circRNAs 
may act as regulators of mRNA levels or translation [28, 
44, 45]. Similarly, formation of ND5 exonic circular RNA 
(MTcircRNA-ND5) by ND5-717 back-splicing could 
potentially regulate the level of mature ND5 mRNA in 
hexacorals, and thus the overall respiration rate. Like-
wise, retention of ND5-717 could play a regulatory role in 
ND5 mRNA maturation and mitochondrial transcription 
[7].
Conclusion
Giant group I introns of almost 20,000 nt in size require 
an extraordinary RNA splicing approach. We provide 
experimental support that the ND5 mRNA exons in 
corallimorpharian mitochondria are ligated by RNA 
back-splicing, catalyzed by the ND5-717 group I intron 
ribozyme. A surprisingly short primary transcript 
(approximately 3000 nt) contains a permutated intron–
exon arrangement where ND5 exon 2 is followed by ND5 
exon 1. A consequence of group I intron splicing is that 
the ND5 exons are joined in the correct order. Interest-
ingly, the large P8 insertion in ND5-717 does not appar-
ently interfere with mRNA splicing, explaining why the 
giant group I intron might be tolerated in mitochondria. 
ND5-717 represents the first reported group I intron that 
catalyzes back-splicing from a natural permuted precur-
sor RNA.
Methods
Nucleic acid isolation
Ricordea yuma and A. fenestrafer specimens were pur-
chased from Akvariemagasinet Oslo, Norway in 2012 
(http://www.akvar iemag asine t.no/) and kept alive in our 
lab reef tank at the Arctic University of Norway (UiT) 
until nucleic acid isolations. Approximately 20  mg of 
fresh tissue polyps was used separately for DNA and 
RNA isolations based on Wizard Genomic DNA Purifi-
cation (Promega, Madison, WI, USA) and Trizol Reagent 
(ThermoFisher Scientific, Waltham, MA, USA) manuals, 
respectively. Genomic DNA was obtained by homogeniz-
ing the tissue in 600  µl nuclei lysis solution (Promega, 
Madison, WI, USA) for 10 s at 5000 rpm using Precellys 
24 homogenizer (Stretton Scientific, Stretton, UK). Phe-
nol–chloroform extraction was performed to eliminate 
polysaccharide contaminants, followed by elution of the 
purified DNA in Nuclease-Free water (ThermoFisher 
Scientific, Waltham, MA, USA). A pre-extraction step 
involving crushing of tissue in liquid nitrogen was per-
formed prior to total RNA isolation. The tissue was then 
homogenized in Trizol Reagent using the above Precellys 
settings. Purified RNA was obtained by repeated phe-
nol–chloroform extraction, precipitation in isopropanol 
at 4 °C overnight, followed by two washing steps in 70% 
ethanol, and finally resolved in nuclease-free water.
Ion Torrent PGM sequencing
Next generation sequencing of both DNA and RNA was 
achieved using Ion Personal Genomic Machine (Ion 
Torrent PGM) platform in our lab at UiT. Ion Torrent 
manufacturer’s procedures were followed for library con-
struction, template preparation and deep sequencing. 
Approximately 1 µg genomic DNA, sheared at optimized 
setting of 30  s on Covaris S2 system (Covaris, Woburn, 
MA, USA), was used for 300  bp fragment library con-
struction. DNA library preparation was then completed 
using Ion Xpress™ Plus gDNA Fragment Library Prepara-
tion Kit and protocol (ThermoFisher Scientific, Waltham, 
MA, USA). Template dilution factor was determined 
based on qPCR analysis from KAPA Library Quantifica-
tion procedure (KAPA BIOSYSTEMS, Wilmington, MA, 
USA). A 200 bp cDNA library was constructed from 8 µg 
total RNA based on Ion Total RNA-Seq Kit procedure. 
The RNA was poly(A)-enriched using mRNA DIRECT 
Purification Kit (ThermoFisher Scientific, Waltham, MA, 
USA), fragmented enzymatically, hybridized, Ion adapter 
ligated, cDNA synthesized, and finally amplified. The 
DNA and cDNA libraries were independently enriched 
on Ion OneTouch System and sequenced using Ion 316 
chips in four separate runs on Ion PGM.
Mitochondrial genome assembly and sequence annotation
The complete mitogenomes of R. yuma and A. fenestrafer 
were assembled from 3.1 million and 2.6 million whole 
genome Ion PGM sequenced FASTQ reads, respectively, 
by means of MIRA/MITObim pipeline [46, 47]. MITOS 
software package [48] was then engaged to annotate the 
assembled mtDNA sequences, and the coding genes 
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were further validated manually with the aid of an online 
in silico translation tool [49]. Ambiguous mitogenome 
sequences were verified by PCR-Sanger sequencing-
based approach (BigDye v3.1) with specific primers. 
Mitochondrial genomes of the twelve sequenced mush-
room corals [1, 5] were retrieved from databases and 
reanalyzed alongside our sequenced species.
Estimation of mitochondrial transcripts abundance
RNAseq mapping analysis of quality-filtered whole tran-
scriptome Ion PGM sequenced FASTQ reads was applied 
to estimate mitochondrial gene transcript numbers on 
CLC genomic workbench v7.5 (CLC-Bio, Aarhus, Den-
mark). 7,609,490 (R. yuma) and 4,717,133 (A. fenestrafer) 
whole transcriptome PGM single reads were inde-
pendently normalized based on the sizes of individual 
mtDNA regions [50]. Six replicates were performed for 
each sample. Splicing efficiencies of ND5 and COI pre-
cursor RNA transcripts were simply determined by 
manually counting the reads that unambiguously flanked 
splice sites and exon–exon ligation sites of the RNAseq 
mapped genes and ligated exon sequences of ND5 and 
COI. The transcript values obtained were compared with 
respective copy numbers generated from qPCR analysis.
Validation of transcripts by RT‑PCR and RT‑qPCR
Reverse transcription PCR (RT-PCR) amplification was 
implemented using sequence specific primers to inves-
tigate: (1) intron RNA circles of ND5-717 and COI-884 
with divergent primers, (2) numbers of transcripts flank-
ing splice site and exons ligation junctions of ND5 and 
COI based on convergent primers, and (3) the back-splic-
ing circular RNA intermediate (MTcircRNA-ND5) using 
divergent primers (Additional file 7: Table S3). Approxi-
mately 300 ng total RNA was subjected to reverse tran-
scription using SuperScript III (ThermoFisher Scientific, 
Waltham, MA, USA) after treatment with DNase-I 
enzyme (ArctiZymes, Tromsø, Norway), and then subse-
quently PCR amplification. Equal amounts of RNA with 
no reverse transcription were amplified as negative con-
trols alongside the samples. All amplicons were resolved 
on 1% agarose gel, purified using NucleoSpin Gel, and 
PCR Clean-up method (MACHEREY–NAGEL, GmbH 
& Co, Düren, Germany), and Sanger sequenced (BigDye 
v3.1) on both strands. The splicing efficiencies of ND5-
717 and COI-884 intron RNAs were further validated by 
real time quantitative PCR (RT-qPCR) of the splice sites 
and exon–exon junctions on  LightCycler® 96 Real Time 
PCR System (Roche Diagnostics GmbH, Mannheim, 
Germany). The reaction mixtures were prepared using 
SYBR Green Master FastStart Essential DNA Green Mas-
ter Kit protocol (Roche Diagnostics GmbH, Mannheim, 
Germany). A reaction volume of 10  µl comprising 5  µl 
2X SYBR Green Master FastStart Essential DNA Green 
Master, 1  µl specific primers (2.5  µM), 2  µl RNase free 
water (Roche) and 2 µl cDNA (12.5 ng) was used for each 
sample. Transcript copy numbers were determined using 
concentrations generated by mean Cq (quantification 
cycle) values of the samples obtained by Standard curve 
analyses based on tenfold dilutions of their respective 
PCR amplicons of known concentrations.
Plasmid cloning and direct sequencing of back‑splicing 
circular RNA
The 1.5  kb circRNA amplicons obtained by RT-PCR 
were cloned into pGEM-T easy vector System I (Pro-
mega, Madison, WI, USA). 25  ng of the inserts (ampli-
cons) were ligated with 50 ng pGEM-T overnight at 4 °C, 
and subsequently transformed into DH5α E. coli (Ther-
moFisher Scientific, Waltham, MA, USA). The cells were 
harvested, plasmid DNA isolated, and subsequently 
Sanger sequenced on both strands (BigDye v3.1) using 
divergent primers (Additional file  7: Table  S3). Positive 
controls with insert DNA (from the pGEM-T easy vec-
tor Kit), and background controls without PCR product, 
were included in the experiment.
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Additional file 1: Table S1. Annotation of conventional genes and inter-
genic regions in Ricordea yuma and Amplexidiscus fenestrafer mtDNAs.
Additional file 2: Figure S1. Amino acid sequence alignment of putative 
antisense open reading frame (aORF) protein encoded within Intergenic 
Region 11 (IGR-11) of Corallimorpharia mtDNA. (.) and (-) represent 
identical residue and deleted residue, respectively, compared to that of 
Amplexidiscus fenestrafer. (#) represents stop codon.
Additional file 3: Figure S2. RNA mapping and processing of COI-884 
and ND5-717 introns in Ricordea yuma. (A) Ion Torrent PGM read map 
of unspliced COI precursor RNA. Number of PGM reads that covers the 
exon–intron junctions are indicated (red numbers 2/24). (B) Ion Torrent 
PGM read map of spliced COI mRNA. Number of PGM reads that covers 
the ligated exon junction is indicated (red number 86). (C) Ion Torrent 
PGM read map of unspliced ND5 precursor RNA. Number of PGM reads 
that covers the exon–intron junctions are indicated (red numbers 18/12). 
(D) Ion Torrent PGM read map of spliced ND5 mRNA. Number of PGM 
reads that covers the ligated exon junction is indicated (red number 6). 
(E) Gel image of PCR amplicons of ligated exon COI mRNA (left) and circle 
ligation of COI-884 intron RNA (right). (F) Gel image of PCR amplicon of 
ligated exon ND5 mRNA (left). No circle ligation amplicon was detected 
from ND5-717 intron RNA (right). (G) Sequence read (chromatogram) of 
COI-884 intron circles. The 3′ end of the intron RNA makes circles with 
intron positions close to the intron 5′ end, which include both full-length 
intron circles and 5′ truncated circles.
Additional file 4: Figure S3. RNA mapping and processing of COI-884 
and ND5-717 introns in Amplexidiscus fenestrafer. (A) Ion Torrent PGM 
read map of unspliced COI precursor RNA. Number of PGM reads that 
covers the exon–intron junctions are indicated (red numbers 6/14). (B) 
Ion Torrent PGM read map of spliced COI mRNA. Number of PGM reads 
that covers the ligated exon junction is indicated (red number 59). (C) Ion 
Torrent PGM read map of unspliced ND5 precursor RNA. Number of PGM 
reads that covers the exon–intron junctions are indicated (red numbers 
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9/13). (D) Ion Torrent PGM read map of spliced ND5 mRNA. Number of 
PGM reads that covers the ligated exon junction is indicated (red number 
4). (E) Gel image of PCR amplicons of ligated exon COI mRNA (left) and 
circle ligation of COI-884 intron RNA (right). (F) Gel image of PCR amplicon 
of ligated exon ND5 mRNA (left). No circle ligation amplicon was detected 
from ND5-717 intron RNA (right). (G) Sequence read (chromatogram) of 
COI-884 intron circles. The 3′ end of the intron RNA makes circles with 
intron positions close to the intron 5′ end, which include both full-length 
intron circles and 5′ truncated circles.
Additional file 5: Table S2. Splicing efficiencies of ND5-717 and COI-884 
introns.
Additional file 6: Figure S4. Amplexidiscus fenestrafer back-splicing 
ND5 precursor RNA coverage. Ion PGM transcriptome read mapping of 
predicted precursor RNA.
Additional file 7: Table S3. Oligo primer information.
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